Introduction
[2] During the last five years, the scientific understanding of Antarctic climate change has improved substantially. Steig et al. [2009] demonstrated that significant warming since the International Geophysical Year (IGY) -previously thought confined to the Antarctic Peninsula -is much broader in spatial extent, extending to West Antarctica with primarily insignificant trends in East Antarctica. These results were later confirmed by O'Donnell et al. [2011] , although with weaker (but still statistically significant) warming across West Antarctica and more dramatic warming along the Antarctic Peninsula than suggested by Steig et al. [2009] . Both of these papers point to a marked asymmetry in Antarctic climate change; the Antarctic Peninsula and West Antarctic regions are showing more dramatic warming than in East Antarctica, with the changes in the former more likely related to anthropogenic causes, including ozone depletion and greenhouse gas increases [e.g., Gillett et al., 2008] .
[3] The regional asymmetry in warming across the Antarctic continent is also reflected in sea ice changes. Over the last several years, sea ice concentrations and sea ice extent have been decreasing in the Amundsen/Bellingshausen Seas sector [Yuan and Martinson, 2000; Zwally et al., 2002; Stammerjohn et al., 2008] . The reduced sea ice in this region is contrasted with increased sea ice extent in the adjacent Ross Sea sector [Lefebvre et al., 2004; Comiso and Nishio, 2008; Comiso et al., 2011] . Stammerjohn et al. [2008] suggest that the juxtaposition of these sea ice anomalies is largely due to the dominant impact of surface winds associated with a persistent deep low-pressure system centered in the Amundsen and Bellingshausen Seas, the "AmundsenBellingshausen Seas Low" (hereafter, ABSL). The presence of this semi-permanent pressure system leads to sustained west-northwesterly airflow across the western Antarctic Peninsula sector, which holds back autumnal ice-edge advance and accelerates the spring retreat, causing dynamic sea ice compaction against the coast and islands [Lefebvre et al., 2004; Massom et al., 2008] . By the same token, 1 the more southerly outflow of cold air from continental Antarctica along the western flank of this system creates a strong ice edge advance [Mayewski et al., 2009] . The zonal asymmetry in sea ice conditions is also observed by Simmonds et al. [2005] , with a farther northward displaced sea ice edge just west of the dateline in the western Ross Sea, and a farther southward displaced sea ice edge in the Amundsen and Bellingshausen Seas, especially in March.
[4] Given these relationships, a main suspected factor from an atmospheric standpoint causing the temperature and sea ice changes described above are variations in the strength and position of the ABSL. Fundamentally, the ABSL exists because the Antarctic Peninsula and the off-axis nature of the Antarctic topography dynamically influence the atmospheric flow of the region [Baines and Fraedrich, 1989; LachlanCope et al., 2001] . A modeling experiment where the height of the Antarctic continent was lowered gradually still shows a presence, albeit much weaker, of a climatological low off the coast of West Antarctica when the height of the continent is zero [Walsh et al., 2000] , reinforcing the fact that the asymmetric geography of Antarctica (and not just its elevation) is important in maintaining the ABSL. Its strength is influenced by large-scale patterns of climate variability that impact Antarctica, namely the Southern Annular Mode (SAM) and the El Niño -Southern Oscillation (ENSO). The SAM describes the strength of the mid-to-high latitude meridional pressure gradient and circumpolar zonal winds [Thompson and Wallace, 2000; Marshall, 2003] . Although ENSO is a tropical climate oscillation, it impacts much of the globe through teleconnections. Its impact near Antarctica is in the region of the ABSL, part of an alternating wave train of pressure/height anomalies stemming from the tropics during ENSO events, known as the Pacific South American pattern [Mo and Ghil, 1987; Karoly, 1989; Renwick and Revell, 1999; Mo and Paegle, 2001; Turner, 2004; Yuan, 2004; Lachlan-Cope and Connolley, 2006] .
[5] Over the last decade, the combined impact of these two modes on the Southern Ocean and Antarctic climate has garnered increasingly more attention [Kwok and Comiso, 2002; L'Heureux and Thompson, 2006; Fogt and Bromwich, 2006; Stammerjohn et al., 2008; Gregory and Noone, 2008; Fogt et al., 2011; Pezza et al., 2012] . In particular, Fogt et al. [2011] found that when a La Niña event occurs with the positive phase of the SAM, the pressures within the ABSL region are deeper (lower). Similarly, the ABSL region is characterized by anomalously high pressure when an El Niño event occurs with the negative phase of the SAM. However, the opposing effects of a positive SAM with an El Niño, or a negative SAM with a La Niña, lead to a very weak or altogether absent ABSL (in the time-mean). More recent work [Pezza et al., 2012] similarly finds important links between ENSO, SAM, sea ice, and cyclonic activity in the region, namely that SAM/La Niña combinations increase Antarctic sea ice extent in all regions but west of the Antarctic Peninsula, and that deep (strong) cyclones act to break up sea ice and export it equatorward.
[6] Despite these improvements in our knowledge of the ABSL, more work is needed to fully understand the mechanisms that drive the position of the ABSL beyond the topographic influences. In addition to its intensity, the position of the ABSL has obvious implications for the wind patterns in the region, and thus the extent of warming and the overall impact (both thermodynamically and dynamically) on sea ice extent and concentration in the region and marine air intrusions [Nicolas and Bromwich, 2011] . Further, the connection between the time-mean ABSL, which is often used to help understand the nature of temperature and sea ice changes in the region, and the underlying synoptic-scale activity is not well understood. Therefore, the objective of this paper is to improve the understanding of this feature, which will ultimately help to better understand the ongoing climate changes in the region. The paper is laid out as following: Section 2 describes the data employed, and the automated cyclone tracking scheme used to identify and track cyclones across the Southern Hemisphere. Section 3 first describes the variability of the ABSL on monthly and longer timescales, and then links this variability to the underlying synoptic-scale patterns. The impacts and role of the strongest ten cyclones are considered separately as they make a strong contribution to the climatological ABSL, and have significant connections with large-scale climate patterns. Conclusions and a summary are offered in section 4.
Data and Methods

Atmospheric Reanalyses
[7] The ABSL lies off the continent away from in situ observations, so its variability must be characterized by the atmospheric reanalyses or other such data sets that fill in this data void. Although many global reanalyses extend back to at least 1957, they are notably sensitive to changes in the observational network. For the high southern latitudes, this is evidenced by the fact that there are large changes in the reanalyses' skill around 1979, when satellite data were assimilated routinely into the reanalyses [Bromwich and Fogt, 2004; Bromwich et al., 2007] . Therefore, reanalysis-based investigations of the ABSL are most safely limited to a starting date of 1979; however, even after this date differences between the reanalyses still remain across the Southern Hemisphere, particularly for synoptic activity [Bromwich et al., 2007] . To understand these differences, we employ data from the three main global atmospheric reanalyses, namely the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis [Kalnay et al., 1996] (hereafter NNR), the European Centre for Medium-Range Weather Forecasts (ECMWF) 40-year reanalysis [Uppala et al., 2005] (hereafter ERA-40), and the Japan Meteorological Agency and Central Research Institute of Electric Power and Industry 25-year reanalysis [Onogi et al., 2005] (hereafter JRA-25). Where the three reanalysis products agree (or at least show minimal differences), greater confidence can be placed in the analysis reflecting reality. To facilitate comparison, the 2.5 Â 2.5 data was used for each reanalysis. While many more recent reanalyses have been developed over the time domain considered here (e.g., ERAInterim and the NCEP Climate Forecast System Reanalysis), these products have not been as extensively evaluated in the high latitudes of the Southern Hemisphere as the reanalyses products used in the current study. Given that our focus is in one of the world's sparsest meteorologically sampled regions, it is prudent to use data sets whose performance is much better understood.
Synoptic-Scale Cyclone Finding Scheme
[8] To understand the underlying synoptic-scale variability of the ABSL, cyclones were tracked using the University of Melbourne Cyclone Finding and Tracking Scheme [Murray and Simmonds, 1991; . This scheme has participated in a number of assessments and comprehensive intercomparisons [e.g., Turner et al., 1996; Leonard et al., 1999; Raible et al., 2008; Mesquita et al., 2009; Ulbrich et al., 2009] and has been shown to perform well. Of particular relevance to the present study, Turner et al. [1998] found the scheme to perform very well within the Antarctic Peninsula sector of the circumpolar trough when assessed against systems identified in satellite imagery and in operational meteorological analyses. We are thus very confident of the quality of the cyclone statistics produced here by the scheme.
[9] The University of Melbourne automated scheme is based on minima in the mean sea level pressure (MSLP) field; in the present study 6-hourly MSLP data were used from each reanalyses. Grid point local maxima of the Laplacian of the pressure field are found, which represent relative minima in the pressure field. Due to the influence of the terrain on the MSLP field, cyclones were only tracked where the model topographic elevation was less than 1 km. Further, given our interest in the synoptic scale, only cyclones that lasted 3 days or longer are considered here. The cyclones studied also have a mean radius of $5-6
, or $500-600 km as in work by Simmonds et al. [2003] , and are thus on the order of a typical synoptic system in the midlatitudes (L $ 10 6 m).
[10] The Murray and Simmonds [1991] cyclone finding scheme has provided important insight regarding synopticscale cyclone variability across the Southern Hemisphere. In particular, the Amundsen-Bellingshausen Seas region is unique in terms of its cyclonic activity, being characterized by more cyclolysis than cyclogenesis, a local maximum in cyclone radius in summer, and a local maximum in cyclone depth year-round . Over the last few decades, the region has demonstrated an increase in cyclone system density Uotila et al., 2009] . Other recent studies have examined cyclogenesis [Allen et al., 2010; Bromwich et al., 2011] and mesoscale cyclones [Irving et al., 2010; Uotila et al., 2011] in the Southern Ocean using the same scheme. While these studies all find differences depending on the data employed, the wide use of the algorithm demonstrates its effectiveness for climatological cyclone studies in the Southern Hemisphere. This is especially true for synoptic-scale cyclones, as reanalyses are likely too coarse in spatial resolution to resolve most mesoscale features [Uotila et al., 2011] . Given that we have limited our investigation to cyclones lasting three days or longer and that most mesoscale cyclones are much shorter lived in the Southern Ocean (i.e., less than 28 h) [Uotila et al., 2011] , the influence of the relatively coarse spatial resolution of the reanalyses should not contribute much to the differences observed. This is especially true as Irving et al. [2010] , using scatterometer-derived surface pressure fields, find the greatest density of mesoscale cyclonic activity in the Amundsen and Bellingshausen Seas, which they suggest is related to existing synoptic-scale climatologies.
Results
Characteristic Variability of the ABSL
[11] Figure 1 displays the multireanalysis mean (average of ERA-40, NNR, and JRA-25) MSLP during 1979 MSLP during -2001 , along with the mean standard deviation by month. Averaged over these years, a local pressure minimum is noted in the Pacific sector of the Southern Ocean, with a marked seasonal cycle its longitude. During summer (Figures 1a, 1b, and 1l) , the pressure minimum extends east toward the Bellingshausen Sea along the Antarctic Peninsula, reaching its lowest magnitude in the Amundsen Sea off coastal West Antarctica (see Figure 2 for a map of the region). The climatological average pressure minimum migrates west and bridges both the Amundsen and eastern Ross Seas during winter (Figures 1f-1j ). Although this local pressure minimum constitutes the ABSL, its amplitude in the Bellingshausen Sea is reduced during winter. Across the Southern Hemisphere, the most interannual variability in the pressure field occurs in the vicinity of the ABSL, hereafter defined broadly as 45 -75 S, 180 -60 W (Figure 2 ). This region has been termed the 'pole of variability' [Connolley, 1997] , and each reanalysis shows the maximum amplitude of the standard deviation in this region (although with slightly different amplitudes, not shown). The highly variable nature of this region has been shown to be caused, at least in part, by the off-axis nature of the Antarctic topography, which generates a flux of planetary scale waves off the high interior of East Antarctica and influences the downstream variability off the coast of West Antarctica [Lachlan-Cope et al., 2001] and the divergence of flow around the Antarctic Peninsula [Baines and Fraedrich, 1989] . In addition, as noted in the Introduction, this region is also influenced by ENSO and SAM [Pezza et al., 2012] , and these large-scale climate modes undoubtedly increase the interannual variability here beyond the influence from the topography.
[12] Another way of examining the variability in terms of position and amplitude of the ABSL is by considering the location and magnitude of the monthly minimum pressure in the ABSL region. . In terms of latitude, the minimum pressure tends to be farthest north and east during the summer months, and farther south and west during the winter months, reflecting the spatial patterns presented in Figure 1 . Not readily apparent from Figure 1 is the seasonal cycle of the pressure magnitude (Figures 3g-3i ), which shows local minima in March-April and August-October, depicting the well-known cycle of MSLP in the Antarctic circumpolar trough associated with the semi-annual oscillation (SAO) [van Loon, 1967] . The SAO and its interannual variability are related to the differing temperature cycles between the middle and high latitudes of the Southern Hemisphere [Simmonds and Jones, 1998 ]. It is not surprising that it is clearly seen in Figures 3g-3i , as the greatest amplitude of the SAO occurs in the Amundsen and Bellingshausen Seas [Simmonds, 2003] .
[13] Also of interest are the year-to-year variations displayed in Figure 3 , denoted by the shading: the dark gray bounds the interquartile range (IQR), while the light gray shows the range over the 1979-2001 period. For latitude (Figures 3a-3c ), all but ERA-40 have the minimum pressure reaching as far south as 75 S in every month. In NNR, the minimum pressure is more routinely (at least 25% of the time) displaced farther south from June-December, as the 25th percentile persistently reaches this latitude. NNR is also marked with much more interannual variability in the latitude of the minimum. Nonetheless, all reanalyses agree that the minimum pressure in the ABSL region is found at 60 S and poleward in all months, the only exception being July 1995 (not shown) in NNR, where the minimum pressure in the ABSL region was as far north as 57.5 S. [14] In terms of longitude (Figures 3d-3f ), there is a much larger monthly spread in each reanalysis, with nearly any possible east-west position within the domain occurring at least once. There is a notable decline in the width of the IQR in May in all reanalyses, at the time when the ABSL average position is at its farthest west, suggesting that the location of the minimum pressure routinely reaches the Ross Sea/ western Amundsen Sea in May; finding the minimum pressure in the Bellingshausen Sea (i.e., east of 260 E) at this time constitutes an outlier, but is still possible. In terms of the pressure magnitude (Figures 3g-3i ), the interannual variability is roughly similar between the three reanalyses, although in NNR the pressures are typically higher from June-October.
[15] To understand changes in the ABSL, Table 1 presents the trends in area-averaged pressure in the ABSL region from each of the reanalyses. Although in general most reanalyses show negative trends for each calendar month, the large interannual variability makes the majority of these trends statistically insignificant. Notably, NNR has stronger negative trends than the other reanalyses, existing from late winter through summer; however, these trends are suspect as NNR has been shown to have erroneous trends compared to observations during the 1990s [Hines et al., 2000; Bromwich and Fogt, 2004] . Only in September do both JRA-25 and NNR during the 1979-2008 period agree on a statistically significant negative trend, although this trend is not significant based on 1979-2001 data in ERA-40 and JRA-25. In general, negative trends are the strongest and most significant in spring; these trends are stronger if a region of 60 -75 S (i.e., closer to the Antarctic continent) is considered. The seasonality of the strong trends is consistent with the maximum warming in West Antarctica occurring in spring [Steig et al., 2009; O'Donnell et al., 2011; Schneider et al., 2012] . The peak trends in spring may also suggest a strengthening of the SAO, as pressures in the circumpolar trough are at a minimum at this time (Figures 1 and 3 ) [Simmonds, 2003] . In summer, pressure trends are similarly stronger when averaged in a region closer to the continent, as these summer trends in the ABSL region are part of a much larger area of negative trends spanning the entire Antarctic continent (not shown), and thereby congruent with trends toward the positive polarity of the SAM [Thompson and Solomon, 2002; Marshall, 2003; Fogt et al., 2009] .
[16] As with the regional pressure field, the large interannual variability of the minimum pressure in the ABSL region (as tracked in Figure 3 ) dominates, making many trends in this feature statistically insignificant. Of all the ABSL criteria tracked in Figure 3 , only NNR shows multiple significant trends in the magnitude of the minimum pressure in the ABSL region (not shown). As with the trends listed in Table 1 , and because no other reanalysis shows statistically significant trends in the magnitude of the pressure minimum in the ABSL region, these trends are suspect and likely exaggerated.
[17] To determine, however, if significant relationships do exist among the ABSL features tracked in Figure 3 , the data were standardized by month, and anomaly composites based on AE1 standard deviation for each variable were constructed. Figure 4 displays two statistically significant relationships observed with the pressure minimum in the Amundsen and Bellingshausen Seas. First, the ABSL tends to be displaced to the south ($5 degrees, p < 0.05) when the magnitude of the pressure anomaly is below average, or in other words, when the low is characterized by a strong negative anomaly (Figure 4a, left) . This relationship is apparent in all three reanalyses. Although there is a weaker relationship (p < 0.10) for times when the pressure anomaly is above average, all reanalyses agree that the ABSL tends to be northward displaced (Figure 4a, middle) . As a result, a significant shift in the latitude of the ABSL is noted when positive and negative pressure anomalies are compared (Figure 4a, right) . Second, a relationship is also observed in the latitudinal and longitudinal positioning of the ABSL. When the ABSL is displaced farther north than average (Figure 4b , middle), all three reanalyses agree that the ABSL center is also displaced west, toward the Ross Sea. An opposite relationship is observed in two of the reanalyses (namely, NNR and ERA-40) when the ABSL is farther south (Figure 4b , left). These combined effects give rise to the statistically significant (p < 0.05) difference in the longitudinal location of the ABSL when it is farther north than average compared to when it is farther south than average (Figure 4b ). Combined, Figure 4b therefore shows that farther north and west (or south and east) displacements of the ABSL frequently occur simultaneously. In light of the seasonal cycle of the ABSL location in Figure 3 , the location of the ABSL anomaly in Figure 4 is better understood. If the ABSL is unusually far north (south), it is likely that it is also farther west (east) given that it tends to be at its farthest north at the same time when it is at its farthest east in its climatological seasonal cycle presented in Figure 3 .
[18] The discussion has focused on describing the ABSL both within the climatological seasonal cycle and its interannual variability. Given in particular the large interannual variability, many other factors besides the influence of the Antarctic topography give rise to the position and magnitude of the ABSL. Since fundamentally the ABSL is a climatological feature readily apparent in monthly mean data, a way to better understand this variability is to decompose the climatological feature in terms of the underlying variability. Globally, semi-permanent low pressure systems such as the ABSL reflect a high degree of underlying cyclonic activity-either from frequent storms moving through along a storm track, or many (but more isolated in space and time) powerful storms (for example, see Tsukernik et al. [2007] for a discussion of the Icelandic Low and synoptic-scale variability). In the following sections, we investigate the underlying synoptic-scale variability in order to make connections between individual storms in the region and the climatological feature of the ABSL. Given that these storms ultimately drive variations in weather in the region, and changes in them will lead to changes in the ABSL and the overall climate of the region, the cyclonic activity serves as an important weather-climate connection that may shed light on the ongoing regional climate change. FOGT ET AL.: THE AMUNDSEN-BELLINGSHAUSEN SEAS LOW D07111 D07111 3.2. Underlying Synoptic-Scale Variability
[19] As noted earlier, considerable work has been conducted on cyclonic activity in the Antarctic circumpolar trough [e.g., Turner et al., 1998; Simmonds et al., 2003; Lynch et al., 2006; Uotila et al., 2009 Uotila et al., , 2011 . Here, we focus on the ABSL region, which in comparison to other areas of the circumpolar trough, has a relatively low density of cyclones . As with the ABSL characteristics, the vicinity of the ABSL is marked with the greatest interannual variability in the majority of cyclone parameters (including system density, central pressure, cyclone depth; not shown). Combining these facts, the high density of cyclones around the coast of East Antarctica is quite persistent year-to-year, whereas despite its comparably lower mean cyclone density, the ABSL region will have a few years with high cyclone density due to its larger interannual variability.
[20] To highlight the interannual cyclone variability in the ABSL region, annual and summer and winter total system counts that passed through the region are given in Figure 5 . Cyclones were considered if they spent at least 24 h in the ABSL region. The counts indicate a high level of cyclonic activity in the region, more than 550 on any given year, or roughly 1.5-2 cyclones per day (depending on the year and data set), and more cyclones in the winter (Figure 5c ) than in the summer (Figure 5b ). While 1.5-2 cyclones per day may seem like a large number, the domain considered is fairly large (Figure 2 ; 45 -75 S, 180 -60 W) so that these counts are consistent with mean cyclone system densities in previous studies over the Southern Ocean Uotila et al., 2009 Uotila et al., , 2011 . Notably, ERA-40 produces the greatest number of cyclones, a result observed in a previous study in the Southern Hemisphere [Lynch et al., 2006] as well as in the Northern Hemisphere [Raible et al., 2008] , including the Arctic [Simmonds et al., 2008] . ERA-40 also produces smaller differences between summer and winter compared to the other reanalyses. The large interannual variability in the number of cyclones is readily apparent, with sudden dramatic year-to-year changes throughout the series, most marked in winter (Figure 5c ). From Figure 5a , all reanalyses agree that the late 1980s was a period of relatively low cyclonic activity in the region. ERA-40 shows 
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enhanced variability in the 1990s annual counts (Figure 5a) , and with the exception of NNR in the summer, no statistically significant trend is present in any of the data sets. The increases in summer NNR cyclones (4.5 AE 3.8 cyclones decade À1 , p < 0.05) is consistent with the summer pressure decreases in the ABSL region in NNR (Table 1) , but is suspect as other reanalyses do not show significant trends. While the interannual correlation is quite low between the three reanalyses (e.g., r = 0.22 between ERA-40 and JRA in summer), after applying a 5-year running mean the magnitude of the correlations exceeds 0.5 in all cases, suggesting that the low-frequency regional cyclonic activity is more consistent between the data sets.
[21] The seasonal frequency distributions of central pressures of these systems in NNR are shown in Figure 6 (the differences between reanalyses are indistinguishable at the scale shown in Figure 6 , hence only NNR is shown for brevity). Broadly, the seasonal cycle of cyclone central pressures is consistent with the climatological variations of the ABSL pressure linked to the semi-annual oscillation in Figures 3g-3i ; namely, the lowest pressures in the cyclones tend to be found in spring, followed by fall, winter and summer. Also apparent in Figure 6 is the large range of central pressures these cyclones have during their lifetimes, with the highest pressures noted around 1025 hPa in their 
cyclogenesis stages (some of which are as far north as 15 S; cf. Figure 1) , and decreasing in a few cases to pressures below 945 hPa at their peak. Because notable influence on the climatological ABSL and the regional Antarctic climate stem from these intense cyclones, they will be discussed further later.
[22] The climatological (hereinafter, 1979-2001 average) underlying synoptic-scale variability is linked to the ABSL in Figure 7 . Figure 7 was constructed in a manner analogous to Figure 3 , whereby the latitude, longitude, and magnitude of the minimum cyclone central pressure and maximum cyclone system density were recorded for each month in the reanalyses. These values were averaged over the period to calculate the climatological location and magnitude of these cyclone parameters for quick comparison to the climatological ABSL. While the University of Melbourne tracking scheme provides many other cyclone parameters, only the cyclone system density and central pressure showed significant relationship to the ABSL, thus only these two parameters are shown here. For both cyclone parameters (system density and central pressure) and all three variables (latitude, longitude, and magnitude) the magnitude of the month-to-month anomaly correlations are greater than 0.2, statistically significant at p < 0.05, demonstrating that there is also modest interannual (and inter-monthly) agreement.
[23] In terms of the latitude location, both cyclone parameters show a similar climatological seasonal cycle as the ABSL, being farthest south in spring, and farthest north in January. Notably, the minimum central pressure is at a much farther northerly location than the ABSL, with the former more centered in the Antarctic circumpolar trough. The fact that the ABSL is south of the Antarctic circumpolar trough, Figure 3 ) with maximum cyclone system density (dashed line) and minimum cyclone central pressure (dotted line). (a-c) latitude location of the ABSL, maximum cyclone system density, and minimum cyclone central pressure; (d-f) longitude location of these parameters; and (g-i) magnitude of these parameters (minimum cyclone central pressure and ABSL pressure on left axes, cyclone system density on right axes). Shown are ERA-40 comparisons (Figures 7a, 7d , and 7g), JRA-25 (Figures 7b, 7e , and 7h), and NNR (Figures 7c, 7f, and 7i) .
where cyclonic activity is maximized, again reinforces the fact that this feature is primarily influenced by the topography [Lachlan-Cope et al., 2001] . However, it is clear from Figures 7a-7c that the ABSL tracks nearly perfectly on the climatological cycle of cyclone system density in all three reanalyses. The underlying cyclones also show the same east-west seasonal progression based on these two parameters (Figures 7d-7f) , although NNR has a notably different climatological seasonal cycle in the longitude of maximum cyclone system density. Despite much lower pressures, the cyclone central pressures show nearly an identical climatological seasonal cycle as the ABSL (Figures 7g-7i ), again tied to the different heating and cooling rates of the midlatitude ocean and Antarctica related to the SAO. For most of the year, the magnitude of the cyclone system density also follows the same climatological seasonal cycle as the ABSL, which is surprising as an increase in cyclone density (more cyclones per a given area) would be expected to create a deeper ABSL (i.e., it was anticipated that these two processes would show more anticorrelation than is present in Figures 7g-7i ). This expected relationship does emerge in the later part of the year (August-December), especially in ERA-40 and JRA-25. Figure 7 therefore shows a strong connection between the climatological cycles of synoptic-scale cyclonic activity in the region and the monthly mean ABSL.
[24] What role might changes in these cyclones play in the regional climate changes? Both Steig et al. [2009] and O'Donnell et al. [2011] agree that the strongest warming in West Antarctica occurs in spring. To investigate the connection of these regional climate trends with the underlying synoptic-scale variability of the ABSL, trends were calculated in the cyclone central pressure and system density by smaller basins during spring. When spatially averaged, most changes in cyclone parameters are insignificant, highlighting the very regional nature of changes in the cyclones. Nonetheless, important changes are noted when comparing smaller basin-scale changes, which can then be tied back to the seasonal progression of the ABSL as it moves from the Bellingshausen Sea in summer west toward the Ross Sea in winter. Only multiple reanalyses consistently showed significant trends in cyclone parameters in spring, thus only this season is highlighted here.
[ Figure 2 ). Compared to Figure 6 , there is very strong agreement between the three reanalyses in the interannual cyclone central pressure variability. Moreover, both ERA-40 and NNR reanalyses show a statistically significant decrease in the cyclone central pressure (Figure 8a Table 1 , which are significant in many reanalyses in September. It is also noted that the (Figures 8a and 8c ) and Bellingshausen Sea (Figures 8b and 8d) .
decrease in pressure (and cyclone central pressure) in SON is part of a regional pressure trend, not a deepening of the entire Antarctic circumpolar trough or changes in hemispheric pressure associated with the SAM [Schneider et al., 2012] . Therefore, with clockwise flow around these cyclones, stronger cyclones in the Ross Sea would increase the warm, maritime air advection into West Antarctica, consistent with the warming. Notably, JRA-25 also shows a negative (but insignificant) trend in central pressures in the Ross Sea, and it is clear with all three reanalyses showing insignificant trends in cyclone system density in the Ross Sea (Figure 8c ) that it is the increase in cyclone strength, and not their overall number, that is linked to the West Antarctic warming, and the ABSL regional spring pressure decreases in Table 1 .
[26] Increases in cyclones, either in terms of their central pressure or system density in the Bellingshausen Sea, would increase cold air advection in West Antarctica and offset the warming associated there with the cyclone changes in the Ross Sea (although more cyclones in the Bellingshausen Sea would, by the same token, enhance the warming in the western Antarctic Peninsula). Compared to the Ross Sea, the Bellingshausen Sea is marked with stronger interannual variability in both cyclone central pressure ( Figure 8b ) and system density (Figure 8d ), which overwhelms any trends. Only JRA-25 shows a marginally significant increase in cyclone system density (Figure 8d , 0.17 AE 0.17 systems per 1000 ( lat) 2 , p < 0.10 during 1979-2008), but this weak trend is inconsistent with the other two reanalyses (which show considerably more interannual variability). Combined with the fact that there are no consistent statistically significant trends in at least two reanalyses in cyclone parameters in the Amundsen Sea (140 -100 W, 60 -75 S; Figure 2 ; not shown), Figure 8 therefore indicates that cyclone central pressure decreases in the Ross Sea, tied with the climatological ABSL in Figure 7 , are most likely related to the spring warming in West Antarctica.
[27] The lack of significant trends in cyclone system density may appear inconsistent at first with Simmonds et al. [2003] , who note a significant decrease in cyclone system density across the Amundsen, Bellingshausen, and Ross Seas. Yet, a few key differences exist between the present study and their work. First, the Simmonds et al. [2003] study is based on the NCEP/NCAR reanalysis version 2, which is not used in this study. Second, Simmonds et al. calculate trends on the annual mean over 1979-1999. Because the area of statistical significance from Simmonds et al. is quite narrow, the present study only notes a statistically significant decrease over the 1979-1999 period in the Ross Sea in NNR annual mean cyclone system density (not shown).
Characteristics and Impacts of the 10 Strongest Cyclones
[28] Given the high interannual variability and the sheer number of cyclones in the region, it is nearly impossible to make connections between each individual storm and the climatological characteristics of the ABSL and the overall climate of the region. One could easily argue though that the influences from many of the cyclones, given their own differences in configuration, location, intensity, and duration, will cancel each other out and have a collectively small impact on the climatological mean. Rather, it is the influence of the extreme events-those at the far left tail of the distribution in Figure 6 -that strongly influence not only the climatological mean ABSL but also its implied climate impacts. In this section, we make the case that the influence of many of the ABSL variations are tied to these features, as well as these strongest systems having some of the most profound weather impacts on the region.
[29] To investigate the most intense cyclones, we investigate the 10 strongest cyclones based on their minimum central pressure during their lifetime. While the choice of 10 is somewhat arbitrary, similar results are obtained using a larger sample of 20 cyclones, or using the top 5% of cyclones; thus the results are insensitive to the exact way cyclones are categorized as the most intense. To increase our sample size, and because there are seasonal shifts in the position and magnitude of the ABSL, we consider the ten strongest cyclones within each month, for all three reanalyses.
[30] Figure 9 displays the central pressures of these systems throughout their lifetime for each reanalyses. While the rather large range from cyclone development (1016 hPa) to peak (924 hPa) is still present, the mean is situated at much lower pressures with a much longer right tail (positive skew) compared to the distribution for all cyclones in Figure 6 , as expected. ERA-40 has the strongest cyclones, with over 300 six-hourly intervals when these cyclones have central pressures at or below 940 hPa (Figure 9a ), consistent with Lynch et al. [2006] . The central pressures around 1016 hPa again reflect that many of these cyclones originate well north of the Antarctic circumpolar trough, in a higher background pressure field.
[31] In addition to much lower central pressures, these cyclones are more consistent between the three reanalyses than the total cyclones in Figure 5 . Figure 10 demonstrates this by showing the relative frequency of a given cyclone number (its rank in the top ten) appearing in the top ten of the other reanalyses, for all months (i.e., 120 per reanalysis = 10 strongest cyclones Â 12 months). In Figure 10a , the top ten cyclones of ERA-40 (x axis) across all months are matched to the top ten cyclones of NNR. For the six strongest cyclones in ERA-40 (a total of 72 cyclones across all months), more than 60% are observed within the top ten of NNR (the exception being cyclone 5). As the intensity of the cyclones decreases, the likelihood that it is present in the top ten of other reanalyses also decreases. The agreement between ERA-40 and JRA-25 is even better (Figure 10b) . Across all months, not only do the top six strongest ERA-40 cyclones occur more than 60% of the time in the top ten of JRA-25, but the 7th and 8th strongest cyclones in ERA-40 are seen in the top ten of JRA-25 more than 50% of the time. The agreement is less between JRA-25 and NNR (Figure 10c ). Given previous studies have noted discrepancies between the reanalyses in matching cyclones across the Southern Hemisphere [Bromwich et al., 2007; Hodges et al., 2011] , the similarities of these strong events between the reanalyses is encouraging.
[32] Figure 11 displays the counts of the ten strongest cyclones (from all months, 120 cyclones total) for each reanalysis by year. Again, a clear story is the large interannual variability of when these strong cyclones occur, although now this variability shows strong connections to large-scale climate, based on the Marshall [2003] SAM index: the correlations are statistically significant in ERA-40 (r = 0.575, p < 0.01) and NNR (r = 0.549, p < 0.01). Although the SAM index monitors pressure changes, it is defined using a monthly hemispheric pressure pattern spanning both the middle and high latitudes of the Southern Hemisphere. Thus, it is surprising to find such a strong connection at regional scales, and with short lasting weather phenomena as these intense cyclones. The significant SAM-ABSL cyclone correlation provides an important weatherlarge scale climate connection: When the SAM index is NNR, 1979 NNR, -2001 positive, the likelihood of an intense cyclone in the ABSL region increases, and vice versa. Thus, if the SAM index can be predicted-or least projected in climate change scenarios (as it is currently done) [Miller et al., 2006] , the frequency or likelihood of high-impact weather events in the region may be better predicted as well.
[33] The connection between the SAM and intense cyclones in the ABSL region is visualized in Figure 12 . Here, differences between the hemispheric pressure field at the time of each cyclone's peak from the daily climatological mean were calculated. These differences were then averaged over the ten cyclones by each month to give a composite difference field, as displayed in Figure 12 . Statistically significant differences at p < 0.05, p < 0.01, p < 0.001, based on a Student's t-test are shaded in increasing darker blue and red colors. While Figure 12 is based on ERA-40, qualitatively similar results are obtained using the other reanalyses (despite not all of the cyclones matching, Figure 10 ).
[34] There are two main conclusions that can be drawn from Figure 12 . First, the differences are negative and statistically significant in all months in the vicinity of the ABSL, as one would expect. More surprising are the significant (p < 0.05) positive pressure anomalies in the midlatitudes of the Southern Hemisphere. These anomalies likely act to steer the individual strong cyclones, ultimately clustering them in the region of negative pressure anomalies off the coast of West Antarctica. It is thus apparent that these systems are not only influenced by local conditions near Figure 12 . Average difference field of ten strongest cyclones pressure field at their peak compared to the climatological daily pressure field, based on ERA-40. Shading denotes differences that are statistically significant at p < 0.05, p < 0.01, p < 0.001 based on a two-tailed Students t-test.
Antarctica, but also the presence of ridges throughout much of the Southern Hemisphere, which were consistently present during each of these ten cyclones. In addition, the largescale pressure anomaly pattern resembles the SAM from October-February (Figures 12a, 12b , and 12j-12l) with negative pressure anomalies across Antarctica and positive, nearly zonally symmetric positive pressure anomalies in the midlatitudes. This similarity in the large-scale pressure patterns reflects the relationship observed in Figure 11 of these strong cyclones with the SAM.
[35] Second, the location of the most negative pressure anomalies in nearly all cases mirrors the location of the climatological ABSL. As in Figure 7 , the latitude and longitude of the minimum pressure differences are compared to the multireanalyses climatological mean latitude (Figure 13a ) and longitude (Figure 13b ) of the ABSL. The similarities are remarkable in ERA-40: the location of the difference is farthest north in January, and moves poleward throughout the year, mimicking the ABSL movement (solid lines, Figure 13a ), although these strong cyclones are more poleward displaced after October. In terms of longitude, the ten strongest cyclones in ERA-40 tend to be farthest east in summer, and farther west in fall and winter (Figure 13b ). The agreement in the position of the ten strongest cyclones and the climatological ABSL in the other reanalyses is more subtle, but after removing a few outliers, Figure 13 overall shows many similarities in the location of these strong events compared to the climatological ABSL. Differences, such as the cyclones being farther east in August (Figure 13b ), can arise from the fact that while these are the strongest cyclones that passed through the vicinity of the ABSL, they were not required to reach their peak in the ABSL region. Indeed, the strongest August cyclone in all three reanalyses reached its peak in the Weddell Sea, east of the ABSL region, hence giving rise to the difference at this time. Other differences may also result from the fact that the cyclone system density or central pressures do not match perfectly with the climatological ABSL, indicating other influencing factors on the ABSL apart from cyclonic activity, including the possibility of katabatic wind drainage [Parish et al., 1994] from outlet glaciers in the Amundsen Sea embayment. [36] The impacts of these strong cyclones are demonstrated in Figure 14 , which shows the mean temperature anomalies at the ten strongest cyclones' peak, similar to Figure 12 based on sea level pressure. In all cases, below average temperatures are noted in the Ross Sea sector, while above average temperatures are noted along the Antarctic Peninsula, often extending into coastal West Antarctica. In most months, the mean temperature anomalies associated with these cyclones are statistically significant, especially the above average temperatures in April (Figure 14d ), June ( Figure 14f ) and August-October (Figures 14h-14j) . Overall, the east-west asymmetry in temperature anomalies is consistent with enhanced warm air and cold air advection patterns expected under geostrophic flow from the anomalous pressure field in Figure 12 . In other cases, the cooling is related to the large region of low pressure anomalies in Figure 12 , particularly the cooling over the Antarctic continent in December and January. In these cases, the anomalous pressure pattern resembles the positive phase of the SAM, which enhances vertical motion and adiabatic cooling over Antarctica [Thompson and Wallace, 2000] .
[37] While the mean temperature anomalies for the 10 cyclones are not large (on the order of 1-5 C across West Antarctica and the Antarctic Peninsula), the temperature anomalies for individual cyclones are often in excess of 15 C (not shown). The differences between these individual events and the time mean in Figure 14 again reflect the different locations of cyclones at their peak, and the more spatially variant and locally influenced nature of temperature compared to pressure (i.e., Figure 12) . Nonetheless, the fact that many of the temperature anomalies are significant and consistent with the asymmetry in sea ice changes Comiso et al., 2011] and location of warming trends in West Antarctica and the Antarctic Peninsula [Steig et al., 2009; O'Donnell et al., 2011] indicate these intense systems overall play an important role in the climate of the region.
Summary
[38] Antarctica is not isolated from global climate change, although the continent is experiencing an asymmetric response to this phenomenon. In particular, warming in Antarctica is confined to the Antarctic Peninsula and West Antarctica, most marked in winter and spring, while temperatures in East Antarctica have shown primarily insignificant trends [Steig et al., 2009; O'Donnell et al., 2011] . These asymmetric changes suggest important regional influences, and while conditions in, and feedbacks with, the local cryosphere or ocean certainly play a role Schneider et al., 2012] , forcing from the atmosphere must also be considered. Given its proximity to these changes, variations in the ABSL are a potential key player in enhancing these climate changes.
[39] However, little is understood of the mechanisms that drive ABSL variations, especially the underlying configurations in synoptic-scale low pressure systems which comprise this climatological feature. The primary goal of this paper was to first characterize changes in the climatological ABSL, and relate these changes to variations in the underlying synoptic-scale conditions. Our main findings are:
[40] 1. The ABSL shows a pronounced east-west and north-south climatological seasonal progression. On average, it reaches its farthest eastern extent in summer and farthest western extent in winter, and tends to be the farthest south and at its greatest intensity in spring.
[41] 2. There is very large interannual variability in the magnitude and position of the ABSL, but some associations are still evident between these variabilities. For example, across all months, we have found that when the low is deeper, it tends to be farther south than average, and when it is farther north, it tends to also be farther to the west than average.
[42] 3. The climatological position of the ABSL is strongly tied to the location of maximum cyclone system density in the Amundsen and Bellingshausen Seas. While the ABSL tends to be south of the region of minimum cyclone central pressures, the cyclone central pressures follow a similar east-west climatological cycle identified in #1. The climatological magnitude of the ABSL is related to both the cyclone system density and central pressures. Monthly anomaly correlations between these two cyclone parameters and the location and intensity of the ABSL are also statistically significant (p < 0.05), providing a strong link between the underlying cyclonic activity and the time-mean ABSL.
[43] 4. Cyclones have been intensifying in the Ross Sea during the last 30 years in the spring, which is related to basin-wide (but still regional) decreases in pressure at this time. These changes, through enhanced warm air advection, are consistent with the marked warming in West Antarctica [Steig et al., 2009; O'Donnell et al., 2011] . There may be an increase in cyclone system density in the Bellingshausen Sea that would partially offset the warming in West Antarctica from stronger cyclones in the Ross Sea, but this result is only based on one source of data.
[44] 5. The strongest cyclones may have predictive capacity, as their path and frequency are strongly governed by the large-scale pressure pattern of the Southern Annular Mode.
[45] 6. The strongest cyclones have significant impact on the regional weather, and because they effect systems with memory (i.e., sea ice and glacial accumulation / ablation) and appear to be linked to the climatological ABSL in many cases, they provide an important weather-climate connection, which can help to understand the regional climate changes.
[46] Future work is planned to investigate large-scale climate influences of the ABSL, including the role of stratospheric ozone depletion. Understanding the interaction and relative contribution of each of these mechanisms will undoubtedly lead to an improved understanding of the ongoing climate change in West Antarctica and along the Antarctic Peninsula. Readers may only download, print and save electronic copies of whole works for their own personal non-commercial use. Any use that exceeds these limits requires permission from the copyright owner. Attribution is essential when quoting or paraphrasing from these works.
